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Using a sample of 1.06 × 108 ψ(3686) events produced in e+e− collisions at √s = 3.686 GeV
and collected with the BESIII detector at the BEPCII collider, we present studies of the decays
ψ(3686) → K−ΛΞ¯+ + c.c. and ψ(3686) → γK−ΛΞ¯+ + c.c.. We observe two hyperons, Ξ(1690)−
and Ξ(1820)−, in the K−Λ invariant mass distribution in the decay ψ(3686)→ K−ΛΞ¯+ + c.c. with
significances of 4.9σ and 6.2σ, respectively. The branching fractions of ψ(3686) → K−ΛΞ¯+ + c.c.,
ψ(3686) → K−Σ0Ξ¯+ + c.c., ψ(3686) → γχcJ → γK−ΛΞ¯+ + c.c. (J = 0, 1, 2), and ψ(3686) →
3Ξ(1690/1820)−Ξ¯+ + c.c with subsequent decay Ξ(1690/1820)− → K−Λ are measured for the first
time.
PACS numbers: 13.25.Gv, 13.30.Eg, 14.20.Jn
I. INTRODUCTION
The quark model, an outstanding achievement of the
last century, provides a rather good description of the
hadron spectrum. However, baryon spectroscopy is far
from complete, since many of the states expected in the
SU(3) multiplets are either undiscovered or not well es-
tablished [1], especially in the case of cascade hyperons
with strangeness S = −2, the Ξ∗. Due to the small pro-
duction cross sections and the complicated topology of
the final states, only eleven Ξ∗ states have been observed
to date. Few of them are well established with spin-parity
determined, and most observations and measurements to
date are from bubble chamber experiments or diffractive
K−p interactions [2].
As shown by the Particle Data Group (PDG), most
Ξ∗ hyperon results obtained to date have limited statis-
tics [2]. For example, the Ξ(1690)− was first observed in
the ΣK¯ final state in the reaction K−p → (ΣK¯)Kπ [3].
Afterwards its existence has been confirmed by other ex-
periments [4–6], but its spin-parity was not well deter-
mined. More recently, BABAR reported evidence for
JP = 1/2− for the Ξ(1690) by analyzing the Legendre
Polynomial moments of the Ξ−π+ system in the decay
Λ+c → Ξ−π+K+ [7]. Clear evidence for Ξ(1820) was
observed in the K−Λ mass spectrum from a sample of
130±16 events in K−p interactions [8], and the J = 1/2
assumption was ruled out by using the Byers and Fenster
technique [9]. Ten years later, a CERN-SPS experiment
indicated that Ξ(1820) favors negative parity in the case
of J = 3/2 [10].
At present, the Ξ(1690) and Ξ(1820) are firmly es-
tablished. Further investigation of their properties, e.g.
mass, width and spin-parity, is important to the under-
standing of Ξ∗ states. Besides scattering experiments,
decays from charmonium states offer a good opportunity
to search for additional Ξ∗ states. Although charmonium
decays into pairs of Ξ(∗) states are suppressed by the lim-
ited phase space, the narrow charmonium width which
reduces the overlap with the neighboring states and the
low background allow the investigation of these hyperons
with high statistics charmonium samples.
Furthermore, our knowledge of charmonium decays
into hadrons, especially to hyperons, is limited. The pre-
cise measurements of the branching fractions of charmo-
nium decays may help provide a better understanding
of the decay mechanism. The large ψ(3686) data sam-
ple collected with the BESIII detector provides a good
opportunity to study the cascade hyperons.
In this paper, we report on a study of the decays
ψ(3686)→ K−ΛΞ¯++c.c. and ψ(3686)→ γK−ΛΞ¯++c.c.
based on a sample of 1.06×108 ψ(3686) events [11] col-
lected with the BESIII detector. Another data sample,
consisting of an integrated luminosity of 44.5 pb−1 [12]
taken below the ψ(3686) peak at
√
s = 3.65 GeV, is used
to estimate continuum background. Evidence for the
Ξ(1690)− and Ξ(1820)− is observed in theK−Λ invariant
mass distribution in the decay ψ(3686)→ K−ΛΞ¯++ c.c.
In the following, the charge conjugate decay mode is al-
ways implied unless otherwise specified.
II. DETECTOR AND MONTE CARLO
SIMULATION
BEPCII is a two-ring collider designed for a luminosity
of 1033 cm−2s−1 at the ψ(3770) resonance with a beam
current of 0.93 A. The BESIII detector has a geometri-
cal acceptance of 93% of 4π, and consists of a helium-gas-
based drift chamber (MDC), a plastic scintillator time-of-
flight system (TOF), a CsI(Tl) electromagnetic calorime-
ter (EMC), a superconducting solenoid magnet provid-
ing 1.0 T magnetic field, and a resistive plate chamber-
based muon chamber (MUC). The momentum resolution
of charged particles at 1 GeV/c is 0.5%. The time resolu-
tion of the TOF is 80 ps in the barrel detector and 110 ps
in the end cap detectors. The photon energy resolution at
1 GeV is 2.5% (5%) in the barrel (end caps) of the EMC.
The trigger system is designed to accommodate data tak-
ing at high luminosity. A comprehensive description of
the BEPCII collider and the BESIII detector is given in
Ref. [13].
A GEANT4-based [14] MC simulation software
BOOST [15], which includes geometric and material de-
scription of the BESIII detector, detector response and
digitization models as well as tracking of the detector
running condition and performance, is used to gener-
ate MC samples. A series of exclusive MC samples,
ψ(3686) → γχcJ → γK−ΛΞ+, ψ(3686) → K−ΛΞ¯+,
ψ(3686)→ K−Σ0Ξ¯+ are generated to optimize the selec-
tion criteria and estimate the corresponding selection ef-
ficiencies. The production of ψ(3686) is simulated by the
generator KKMC [16, 17]. The decay ψ(3686) → γχcJ
is assumed to be a pure E1 transition and to follow a
1 + α cos2 θ angular distribution with α = 1,−1/3 and
1/13 for J = 0, 1 and 2, respectively [18], where θ is the
polar angle of the photon. The other subsequent decays
are generated with BesEvtGen [19] with a uniform distri-
bution in phase space. An inclusive MC sample, consist-
ing of 1.06×108 ψ(3686) events, is used to study potential
backgrounds, where the known decay modes of ψ(3686)
are generated by BesEvtGen with branching fractions at
world average values [2], and the remaining unknown de-
cay modes are modeled by LUNDCHARM [20].
4III. ANALYSIS OF ψ(3686)→K−ΛΞ¯+
The decay ψ(3686) → K−ΛΞ¯+ is reconstructed from
the cascade decays Λ→ pπ−, Ξ¯+ → Λ¯π+ and Λ¯→ p¯π+.
At least six charged tracks are required and their polar
angles θ must satisfy | cos θ| < 0.93. The combined TOF
and dE/dx information is used to form particle identifi-
cation (PID) confidence levels for pion, kaon and proton
hypotheses. Each track is assigned to the particle hy-
pothesis type with the highest confidence level. Candi-
date events are required to have one kaon. If more than
one kaon candidate is identified, only the kaon with high-
est confidence level is kept, and the others are assumed
to be pions. The same treatment is implemented for the
proton and antiproton. The final identified charged kaon
is further required to originate from the interaction point
(IP), i.e., the point of its closest approach to the beam
is within 1 cm in the plane perpendicular to beam and
within ±10 cm along the beam direction.
In the analysis, constraints on the secondary decay ver-
tices of the long lived particles, Λ and Ξ¯+, are utilized
to suppress backgrounds. Λ particles are reconstructed
using secondary vertex fits on pπ− pairs. For events with
more than one Λ candidate, the one with the smallest χ2
for the secondary vertex fit is selected. Ξ¯+ candidates
are reconstructed in two steps. A p¯π+ pair sharing a
common vertex is selected to reconstruct the Λ¯ candi-
date, and the common vertex is regarded as its decay
vertex. The Ξ¯+ is then reconstructed with a Λ¯ candidate
and another π+ by implementing another secondary ver-
tex fit. For events with more than one Ξ¯+ candidate, the
p¯π+π+ combination with the minimum |M(p¯π+)−M(Λ¯)|
is selected, where M(p¯π+) is the invariant mass of the Λ¯
candidate from the secondary vertex fit, andM(Λ¯) is the
corresponding nominal mass from the PDG [2].
The selected K−, Λ, and Ξ¯+ candidates are subjected
to a four-momentum constraint kinematic fit (4C-fit) un-
der the hypothesis of ψ(3686)→ K−ΛΞ¯+, and χ24C < 200
is required to further suppress the potential backgrounds
and to improve the resolution. Figure 1 (a) shows the
invariant mass distribution of pπ−, M(pπ−), where a
Λ peak is clearly visible. A mass window requirement
1.110 < M(pπ−) < 1.121 GeV/c2, corresponding to 6
times the mass resolution, is imposed to select Λ can-
didates. With the above selection criteria, the invari-
ant mass of the Λ¯ candidate M(p¯π+) is shown in Fig. 1
(b), and a clean Λ¯ peak is observed. A mass window
requirement 1.110 < M(p¯π+) < 1.121 GeV/c2 is ap-
plied to further improve the purity. Figure 1 (c) shows
the scatter plot of M(pπ−) versus M(Λ¯π+) without the
Λ mass window requirement, where the accumulated
events around the Λ-Ξ mass region are from the decay
ψ(3686) → K−ΛΞ¯+. The projection of M(Λ¯π+) for all
surviving events is shown in Fig. 1 (d), where the Ξ¯+
peak is seen with very low background.
Potential non-Ξ¯+ backgrounds are studied with the
ψ(3686) inclusive MC sample by imposing the same selec-
tion criteria. The corresponding distribution ofM(Λ¯π+)
is shown in Fig. 1 (d) as the shaded histogram. The
background is well described by the inclusive MC sample
and is flat. Backgrounds are also investigated with the
M(pπ−) versus M(p¯π+) 2-dimensional sideband events
from the data sample, where the sideband regions are
defined as 1.102 < M(pπ−/p¯π+) < 1.107 GeV/c2 and
1.124 < M(pπ−/p¯π+) < 1.130 GeV/c2. No peaking
structure is observed in theM(Λ¯π+) distribution around
the Ξ¯+ region. To estimate the non-resonant background
coming directly from e+e− annihilation, the same selec-
tion criteria are implemented on the data sample taken
at
√
s = 3.65 GeV. Only 1 event with M(Λ¯π+) at 1.98
GeV/c2, located outside of the Ξ¯+ signal region, survives,
which is normalized to an expectation of 3.6 events in
ψ(3686) data after considering the integrated luminosi-
ties and an assumed 1/s dependence of the cross section,
as L(
√
s) ∝ Nobs/σQED(
√
s) [11], where L is the inte-
grated luminosity and σQED is the cross section of QED
processes. Therefore, the non-resonant background can
be neglected.
A. BRANCHING FRACTION MEASUREMENT
To determine the event yield, an extended unbinned
maximum likelihood fit is performed on theM(Λ¯π+) dis-
tribution in Fig. 1 (d). In the fit, the Ξ¯+ is described by a
double Gaussian function, and the background is param-
eterized by a first order Chebychev polynomial function.
The fit result, shown as the solid curve in Fig. 1 (d),
yields Nobs = 236.4 ± 16.6 Ξ¯+ candidates. The decay
branching fraction B(ψ(3686)→ K−ΛΞ¯+) is calculated
to be
B(ψ(3686)→ K−ΛΞ¯+)
=
Nobs
Nψ(3686) · B2(Λ→ pπ−) · B(Ξ− → Λπ−) · ǫ
= (3.86± 0.27)× 10−5, (1)
where Nψ(3686) = (106.41 ± 0.86) × 106 is the number
of ψ(3686) events determined with inclusive hadronic
events [11], ǫ = 14.1% is the detection efficiency, evalu-
ated from the MC sample simulated with a uniform dis-
tribution in phase-space, and B(Λ→ pπ−) and B(Ξ¯+ →
Λ¯π+) are the corresponding decay branching fractions [2].
The uncertainty is statistical only.
B. OBSERVATION OF Ξ∗− STATES
In the distribution of the K−Λ invariant mass,
M(K−Λ), structures around 1690 and 1820 MeV/c2, as-
sumed to be Ξ(1690)− and Ξ(1820)−, are evident with
rather limited statistics. In order to improve the statis-
tics, a partial reconstruction method is used where the
K− and Λ are required but the reconstruction of Ξ¯+
and the 4C kinematic fit are omitted. In addition, an
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FIG. 1. Invariant mass distribution of (a) ppi− and (b) p¯pi+ (with the Λ mass window requirement). The arrows indicate the
mass windows used in the analysis (see text). (c) Scatter plot of M(ppi−) versus M(Λ¯pi+) for data. (d) Λ¯pi+ invariant mass
distribution. In the one dimensional plots, the points with error bars are the data, the solid histograms are MC distributions
normalized to the data, and the shaded histogram is the background estimated from the inclusive MC sample. The solid and
long-dashed lines represent the fit curve and the background contribution from the fit.
identified anti-proton is required among the remaining
charged tracks to suppress background. With the above
loose selection criteria, the distribution of M(pπ−) is
shown in Fig. 2 (a), where a Λ is observed. After ap-
plying the M(pπ−) mass window requirement, 1.110 <
M(pπ−) < 1.121 GeV/c2, the distribution of the mass
recoiling against the K−Λ system RM(K−Λ) is shown
in Fig. 2 (b), where the Ξ¯+ is observed, although with a
higher background than in the full reconstruction. With
a requirement of 1.290 < RM(K−Λ) < 1.345 GeV/c2,
the Ξ(1690)− and Ξ(1820)− are observed in theM(K−Λ)
distribution with improved statistics, as shown in Fig. 3.
MC studies show that the event selection efficiency is im-
proved by a factor of two using the partial reconstruction
method.
To ensure that the observed structures are not from
background, potential backgrounds are investigated us-
ing both data and inclusive MC samples. Non-Λ (Ξ¯+)
background is estimated from the events in the Λ (Ξ¯+)
sideband regions, defined as 1.102 < M(pπ−) < 1.107
GeV/c2 and 1.124 < M(pπ−) < 1.130 GeV/c2 (1.243 <
RM(K−Λ) < 1.270 GeV/c2 and 1.365 < RM(K−Λ) <
1.393 GeV/c2), and theirM(K−Λ) distribution is shown
in Fig. 3 with the dot-dashed (dashed) histogram. Pos-
sible background sources are also investigated with the
inclusive MC sample, and the result is shown with the
shaded histogram in Fig. 3. No evidence of peaking struc-
tures in the M(K−Λ) distribution is observed in either
the sideband region or the inclusive MC sample. The
same selection criteria are applied to the data sample col-
lected at 3.65 GeV to estimate the background coming
directly from e+e− annihilation. Only one event with
M(K−Λ) around 1.98GeV survives, which corresponds
to an expected 3.6 events when normalized to the ψ(3686)
sample. This background can therefore be neglected.
An extended unbinned maximum likelihood fit of the
M(K−Λ) distribution is performed to determine the res-
onance parameters and event yields of the excited Ξ∗−
hyperons. In the fit, the Ξ∗− shapes are described by
Breit-Wigner functions Ai(m) convoluted with Gaussian
functions G(m,µ, σ), which represent the mass shift and
resolution in the reconstruction, multiplied by the mass
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FIG. 2. Invariant mass spectrum (a) of ppi−, and (b) of the mass recoiling against the K−Λ system. The dots with error bars
show the distribution for data, and the solid histogram shows that for the exclusive MC normalized to the data in the signal
region. The arrows indicate the selection region used in the analysis (see text).
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FIG. 3. Invariant K−Λ mass distribution. Points with er-
ror bars represent data, and the solid and dashed curves are
the fit curve and the non-resonant contribution obtained from
the fit. The shaded histogram represents the background es-
timated from the inclusive MC sample, and the dashed and
dot-dashed histograms are the Λ sideband and the Ξ¯+ side-
band backgrounds from data, respectively.
dependent efficiency ε(m), ε(m)[G(m,µi, σi) ⊗ A2i (m)].
In the fit, both parameters of G(m,µ, σ) and ε(m) are
fixed the the values determined from the studies to exclu-
sive MC samples, and the Breit-Wigner function Ai(m)
is described below. The shape of background is parame-
terized by a function B(m) = (m−m0)1/2+c(m−m0)3/2,
where m0 is the mass threshold and c is a free parameter.
The Breit-Wigner function Ai(m) used in the fit can
be written as
A(m) =
pΛ(m)
(L(K−Λ)+1/2)pΞ¯+(m)
(L(Ξ∗−Ξ¯+)+1/2)
m−M + iΓ2
·
(
BL(K−Λ)(pΛ(m))
BL(K−Λ)(p
′
Λ)
)(
BL(Ξ∗−Ξ¯+)(pΞ¯+(m))
BL(Ξ∗−Ξ¯+)(p
′
Ξ¯+
)
)
,(2)
where M , Γ are the mass and width of the Ξ∗−, the
pΛ(m)(pΞ¯+(m)) is the available momentum of Λ(Ξ¯
+)
in the center-of-mass frame of Ξ∗(ψ(3686)) at mass m,
p′Λ(p
′
Ξ¯+
) is pΛ(m)(pΞ¯+(m)) for m = M , and L is the or-
bital angular momentum. Due to the limited statistics,
we do not determine the spin-parities of Ξ(1690)− and
Ξ(1820)− with this data sample. In the fit, the spin-
parities of Ξ(1690)− and Ξ(1820)− are assumed to be
JP = 1/2− and JP = 3/2− based on previous experimen-
tal results [7, 8], the Ξ∗−Ξ¯+ angular momenta (L(Ξ∗−Ξ¯+))
are set to be 0 for both the Ξ(1690)− and Ξ(1820)−, while
the K−Λ angular momenta (L(K−Λ)) are 0 and 2 respec-
tively. BL(p) is the Blatt-Weisskopf form factor [22]:
B0(p) = 1; B2(p) =
√
13
p4 + 3p2Q20 + 9Q
4
0
, (3)
where Q0 is a hadron ”scale” parameter which is on the
order of 1 fm [22], and was set to be 0.253 GeV/c in the
fit according to the result of the FOCUS experiment [23].
The overall fit result and the background components
from the fit are shown as the solid and dashed curves in
Fig. 3, respectively. The resulting masses, widths and
event yields, as well as the corresponding significances
of the Ξ(1690)− and Ξ(1820)− signals, are summarized
in Table I, where the significance is evaluated by com-
paring the difference of log-likelihood values with and
without the Ξ−(1690/1820) included in the fit and tak-
ing the change of the number of degrees of freedom into
consideration. The significance is calculated when study-
ing the systematic uncertainties sources (Sect. V) and
the smallest value is reported here. The resonance pa-
rameters from the PDG [2] are also listed in Table I for
comparison.
Due to the limited statistics, the measurement of spin-
parity of Ξ(1690/1820)− is not performed in this anal-
ysis. To determine the product branching fractions of
the cascade decay B(ψ(3686) → Ξ(1690/1820)−Ξ¯+) ×
B(Ξ(1690/1820)−→ K−Λ), the corresponding detection
efficiencies are evaluated with MC samples taking the
7spin-parity of Ξ(1690)− and Ξ(1820) to be JP = 1/2−
and 3/2−, respectively. The detection efficiencies and the
corresponding product branching fractions are also listed
in Table I. Corresponding systematic uncertainties are
evaluated in Sect. V.
TABLE I. Ξ(1690)− and Ξ(1820)− fit results, where the
first uncertainty is statistical and the second systematic.
The B denotes the product branching fraction B(ψ(3686) →
Ξ(1690/1820)− Ξ¯+)× B(Ξ(1690/1820)− → K−Λ).
Ξ(1690)− Ξ(1820)−
M(MeV/c2) 1687.7±3.8±1.0 1826.7±5.5±1.6
Γ(MeV) 27.1±10.0±2.7 54.4±15.7±4.2
Event yields 74.4±21.2 136.2±33.4
Significance(σ) 4.9 6.2
Efficiency(%) 32.8 26.1
B (10−6) 5.21±1.48±0.57 12.03±2.94±1.22
MPDG(MeV/c
2) 1690±10 1823±5
ΓPDG(MeV) <30 24
+15
−10
IV. ANALYSIS OF ψ(3686) → γK−ΛΞ¯+
In this analysis, the same selection criteria as those
used in the ψ(3686)→ K−ΛΞ¯+ analysis are implemented
to select theK− and to reconstruct Λ and Ξ¯+ candidates.
Photon candidates are reconstructed from isolated show-
ers in EMC crystals, and the energy deposited in the
nearby TOF counters is included to improve the photon
reconstruction efficiency and the energy resolution. A
good photon is required to have a minimum energy of 25
MeV in the EMC barrel region (| cos(θ)| < 0.8) and 50
MeV in the end-cap region (0.86 < | cos(θ)| < 0.92). A
timing requirement (0 ≤ t ≤ 700 ns) is applied to further
suppress electronic noise and energy deposition unrelated
to the event. The photon candidate is also required to
be isolated from all charged tracks by more than 10◦.
The selected photons, K−, and Λ and Ξ¯+ candi-
dates are subjected to a 4C-fit under the hypothesis of
ψ(3686) → γK−ΛΞ¯+, and χ24C < 100 is required. For
events with more than one good photon, the one with
the minimum χ24C is selected. MC studies show that the
background arising from ψ(3686) → K−ΛΞ¯+ can be ef-
fectively rejected by the 4C-fit and the χ24C requirement.
With the above selection criteria, theM(pπ−) distribu-
tion is shown in Fig. 4 (a). The Λ is observed clearly with
low background, and the requirement 1.110 < M(pπ−) <
1.121 GeV/c2 is used to select Λ candidates. After that,
the distribution of M(p¯π+) is shown in Fig. 4 (b), where
the Λ¯ is observed with almost no background. The re-
quirement 1.110 < M(p¯π+) < 1.121 GeV/c2 is further
applied to improve the purity. The M(Λ¯π+) distribu-
tion of the surviving events is shown in Fig. 4 (c), and
a mass window requirement 1.315 < M(Λ¯π+) < 1.330
GeV/c2 is used to select ψ(3686) → γK−ΛΞ¯+ candi-
dates. Figure 4 (d) shows the scatter plot of M(γΛ)
versus M(K−ΛΞ¯+) with all above selection criteria.
The vertical band around the Σ0 mass is from the de-
cay ψ(3686) → K−Σ0Ξ¯+, while three horizontal bands
around the χcJ (J = 0, 1, 2) mass regions are from
ψ(3686)→ γχcJ , χcJ → K−ΛΞ¯+ (J = 0, 1, 2). There is
also a horizontal band around the ψ(3686) mass region,
which is background from ψ(3686) → K−ΛΞ¯+ with a
random photon candidate.
A. STUDY OF ψ(3686)→K−Σ0Ξ¯+
After applying all above selection criteria, the projec-
tion of M(γΛ) is shown in Fig. 5, where a clear Σ0 peak
is visible with low backgrounds. As shown in Fig. 4 (d),
the cascade process of ψ(3686)→ γχc2, χc2 → K−ΛΞ¯+
will overlap with the Σ0 band on M(γΛ). This pro-
cess is investigated as potential background using the in-
clusive MC sample together with the exclusive process
ψ(3686) → π+π−J/ψ, J/ψ → K−pΣ¯0. Both processes
have the same final states as the signal, but do not pro-
duce a peak in theM(γΛ) distribution around the Σ0 re-
gion. The distribution of background obtained from the
inclusive MC sample is shown as the shaded histogram
in Fig. 5. The background is also studied with the can-
didate events within the Λ or Ξ¯+ sideband regions of
data, and the lack of peaking background in the M(γΛ)
distribution is confirmed. The background from e+e−
annihilation directly is estimated by imposing the same
selection criteria on the data sample taken at
√
s = 3.65
GeV. No event survives, and this background is negligi-
ble.
To determine the ψ(3686) → K−Σ0Ξ¯+ yield, an ex-
tended unbinned maximum likelihood fit of the M(γΛ)
distribution is performed with a double Gaussian func-
tion for the Σ0 together with a first order Chebychev
polynomial for the background shape. The overall fit re-
sult and the background component are shown in Fig. 5
with solid and dashed lines, respectively. The fit yields
the number of Σ0 events to be 142.5±13.0, and the re-
sulting branching fraction is B(ψ(3686) → K−Σ0Ξ¯+) =
(3.67 ± 0.33) × 10−5, by taking the detection efficiency
of 9.0% obtained from MC simulation and the branching
fractions of intermediate states [2] in consideration. The
errors are statistical only.
B. STUDY OF χcJ →K
−ΛΞ¯+ (J = 0, 1, 2)
The χcJ → K−ΛΞ¯+ (J = 0, 1, 2) yields are de-
termined by fitting the invariant mass distribution of
K−ΛΞ¯+, M(K−ΛΞ¯+). To remove the background from
ψ(3686)→ K−Σ0Ξ¯+, the additional selection M(γΛ) >
1.21 GeV/c2 is applied. The M(K−ΛΞ¯+) distribution is
shown in Fig. 6, where the χcJ peaks are observed clearly.
Potential backgrounds are studied using the events in
the Λ or Ξ¯+ sideband regions of data and the inclusive
MC samples. The inclusive MC M(K−ΛΞ¯+) distribu-
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FIG. 4. The invariant mass distributions of (a) ppi−, (b) p¯pi+ (with the Λ selected) and (c) Λ¯pi+. Dots with error bars are
data, and the solid histogram is from the phase-space MC, which is normalized to the data. The arrows indicate the selection
requirements used in the analysis (see text). (d) The scatter plot of M(γΛ) versus M(K−ΛΞ¯+) for data.
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FIG. 5. The M(γΛ) distribution, where the dots with error
bars are data, the shaded histogram is the background con-
tribution estimated from the inclusive MC sample, and the
solid and dashed lines are the fit results for the overall and
background components, respectively.
tion is shown in Fig. 6 as the shaded histogram. Ac-
cording to the MC study, the dominant backgrounds are
from the cascade decays ψ(3686) → π+π−J/ψ, J/ψ →
pK−Σ¯0, Σ¯0 → γΛ¯ and ψ(3686) → K−pπ−p¯π+π+, but
none of them produce peak in the χcJ regions.
)2) (GeV/c+ΞΛ-M(K
3.40 3.45 3.50 3.55 3.60
)2
Ev
en
ts
/(5
 M
eV
/c
0
5
10
15
20
)2
Ev
en
ts
/(5
 M
eV
/c
)2
Ev
en
ts
/(5
 M
eV
/c
)2
Ev
en
ts
/(5
 M
eV
/c
FIG. 6. The K−ΛΞ¯+ mass distribution, where the dots with
error bars are data, the shaded histogram is the background
contribution estimated from the inclusive MC sample, and
the solid and dashed lines are the overall and background
component contributions from the fit.
An extended unbinned maximum likelihood fit of the
M(K−ΛΞ¯+) distribution is performed to determine the
number of χcJ events. The χcJ resonances are de-
9scribed by Breit-Wigner functions convoluted with Gaus-
sian functions to account for the mass resolution, and
the background is described by a first order Chebychev
polynomial function. The fit results are shown as the
solid curve in Fig. 6, and the yields of χcJ (J = 0, 1, 2)
are 56.9±8.9, 48.5±7.4 and 50.8±7.8 events, respectively.
Taking the detection efficiencies, 6.9%, 8.5% and 6.9%
for χcJ (J = 0, 1, 2) estimated by MC simulation,
and the branching fractions of the decays of intermedi-
ate states [2] into consideration, the product branching
fractions B(ψ(3686) → γχcJ) × B(χcJ → K−ΛΞ¯+) are
measured to be (1.90± 0.30)× 10−5, (1.32± 0.20)× 10−5
and (1.68 ± 0.26)× 10−5 for χcJ (J = 0, 1, 2), respec-
tively. The errors are statistical only.
V. SYSTEMATIC UNCERTAINTY
The different sources of systematic uncertainties for
the measurement of branching fractions are considered
and described below.
a. Tracking efficiency
In the analysis, both the proton and pion are from
long lived particles (Λ or Ξ−), and the corresponding
tracking efficiencies are studied using a clean Λ control
sample, selected by requiring the invariant mass recoiling
against the p¯K+ system to be within the Λ mass region
in the decay J/ψ → Λp¯K+. The invariant mass recoiling
against the p¯K+π− (p¯K+p) system is further required
to be within the proton (pion) mass region to improve
the purity of the control sample. The uncertainty of the
tracking efficiency is estimated by the difference between
efficiencies in data and MC samples and is parameter-
ized as a function of transverse momentum. The average
uncertainty of the proton (pion) tracking efficiency is es-
timated to be 1% (1%) by weighting with the transverse
momentum distribution of the signal. The uncertainty of
the K± tracking efficiency is studied with a clean control
sample of J/ψ → K∗(892)0K0S,K∗(892)0 → K±π∓, and
the systematic uncertainty is estimated to be 1% [24].
b. PID efficiency
Similarly, the PID efficiencies of p/p¯ and K± are esti-
mated using the same control samples as those in tracking
efficiency studies. All tracks are reconstructed and the
target one is allowed to be unidentified. The systematic
uncertainties for p, p¯ and K± are all found to be 1%.
c. Photon detection efficiency:
The photon detection efficiency is studied utilizing the
control samples ψ(3686)→ π+π−J/ψ, J/ψ → ρ0π0 and
ψ(3686) → π0π0J/ψ with J/ψ → l+l− (l = e, µ) and
ρ0π0. The corresponding systematic uncertainty is esti-
mated by the difference of detection efficiency between
data and MC samples, and 1% is assigned for each pho-
ton [25].
d. The secondary vertex fit:
The efficiencies of the secondary vertex fits for Λ and
Ξ− are investigated by the control samples J/ψ → Λp¯K+
and J/ψ → Ξ−Ξ¯+. The differences of efficiencies between
data and MC samples are found to be 1%, and are taken
as the systematic uncertainties.
e. Kinematic fit
The track helix parameters (φ0, κ, tanλ) for MC sam-
ples are corrected to reduce the difference of the χ24C dis-
tributions between data and MC [26]. The corresponding
correction factors for kaons and the tracks from Λ de-
cay (proton and pion) are obtained from a clean sample
J/ψ → Λp¯K+, and those for the tracks from Ξ− decay
are obtained from the sample J/ψ → Ξ−Ξ¯+. The sys-
tematic uncertainties related to the 4C-fit, 1%, are esti-
mated by the difference of efficiency between MC samples
with and without the track helix parameter corrections.
TABLE II. Summary of the relative systematic uncertain-
ties (in %) in the branching fraction measurements. Here
KΛΞ, KΣ0Ξ, χcJ and Ξ
∗−Ξ¯+ denote ψ(3686) → K−ΛΞ¯+,
ψ(3686) → K−Σ0Ξ¯+, ψ(3686) → γχcJ , χcJ → K−ΛΞ¯+ and
ψ(3686) → Ξ(1690/1820)− Ξ¯+,Ξ(1690/1820)− → K−Λ, re-
spectively.
Source KΛΞ KΣ0Ξ χcJ Ξ
∗−Ξ¯+
Tracking 6 6 6 4
PID 3 3 3 3
Λ vertex fit 1 1 1 1
Ξ vertex fit 1 1 1 –
Kinematic fit 1 1 1 –
Photon detection – 1 1 –
Signal model 2.1 0.5 1.1,3.0,2.4 0.8,1.6
Background shape 1.6 0.5 0,1.5,0.6 7.1,7.1
Fit range 1.6 1.9 0.2,0.1,0.2 6.3,4.4
Mass shift, resolution – – – 0.6,0.4
Mass windows 2.9 1.4 3.2,2.3,1.8 1.0,1.3
B(Λ→ ppi−) 0.8 0.8 0.8 0.8
B(Ξ¯+ → Λ¯pi+) 0.035 0.035 0.035 0.035
B(Λ¯→ p¯pi+) 0.8 0.8 0.8 0.8
B(ψ(3686) → γχcJ ) – – 3.2,4.3,4.0 –
Nψ(3686) 0.8 0.8 0.8 0.8
Total 8.2 7.6 8.5,9.3,8.7 11.0,10.1
f. The fit method:
The systematic uncertainties related to the fit method
are considered according to the following aspects.
(1) The signal line-shapes: In the measurements of
B(ψ(3686) → K−ΛΞ¯+), B(χcJ → K−ΛΞ¯+) and
B(ψ(3686) → K−Σ0Ξ¯+), the signal line-shapes are re-
placed by alternative fits using MC shapes, and the
changes of yields are assigned as the systematic uncer-
tainties. In the measurements of B(ψ(3686)→ Ξ∗−Ξ¯+),
the corresponding uncertainties mainly come from the
uncertainty of Q0. Alternative fits varying the Q0 values
within one standard deviation [23] are performed, and
the changes of yields are treated as the systematic uncer-
tainties. (2) The background line-shapes: In the measure-
ments of B(ψ(3686)→ K−ΛΞ¯+), B(χcJ → K−ΛΞ¯+) and
B(ψ(3686)→ K−Σ0Ξ¯+), the background shapes are de-
scribed with a first order Chebychev polynomial function
in the fit. Alternative fits with a second order Cheby-
chev polynomial function are performed, and the result-
ing differences of the yields are taken as the systematic
10
TABLE III. Summary of the systematic uncertainties on Ξ∗− parameters.
Ξ(1690)− Ξ(1820)−
M (MeV/c2) Γ (MeV) M (MeV/c2) Γ (MeV)
Signal model 0.2 0.3 1.5 1.2
Background shape 0.3 1.8 0.5 3.3
Fit range 0.3 1.7 0.2 2.2
Mass shift, resolution 0.5 0.8 0.2 0.2
Mass windows 0.7 0.7 0.4 0.6
Total 1.0 2.7 1.6 4.2
uncertainties related to the background line-shapes. In
the measurement of B(ψ(3686) → Ξ∗−Ξ¯+), an alterna-
tive fit with a reversed ARGUS function (rARGUS) ∗,
FrARGUS(m) = FARGUS(2m0 −m), for the non-resonant
components is performed, where m0 is the mass thresh-
old of K−Λ. The changes in the yields are taken as sys-
tematic uncertainties. (3) Fit range: Fits with varied fit
ranges, i.e., by expanding/contracting the range by 10
MeV/c2 and shifting left and right by 10 MeV/c2, are
performed. The resulting largest differences are treated
as the systematic uncertainties. (4) Mass shift and reso-
lution difference: In the measurement of branching frac-
tions related to Ξ∗−, a Gaussian function G(m,µ, σ),
which represents the Ξ∗− mass resolution, is included in
the fit, where the parameters of Gaussian function are
evaluated from MC simulation. To estimate the system-
atic uncertainty related to the mass shift and resolution
difference between data and MC simulation, a fit with a
new Gaussian function with additional parameters, i.e.,
G(m,µ + ∆µ, σ + ∆σ), is performed, and the resulting
difference is taken as the systematic uncertainty. The
additional values ∆µ and ∆σ are estimated by the dif-
ference in the fit results of the Λ and Ξ¯+ between data
and MC simulation.
g. Mass window requirement:
The systematic uncertainties related to Λ and Ξ¯+ mass
window requirements are estimated by varying the size
of the mass window, i.e. contracting/expanding by 2
MeV/c2. The resulting differences of branching fractions
are treated as the systematic uncertainties.
h. Other:
The systematic uncertainties of the branching fractions
of the decays ψ(3686)→ γχcJ , Ξ− → Λπ− and Λ→ pπ−
are taken from the world average values [2]. The uncer-
tainty in the number of ψ(3686) events is 0.8%, which is
obtained by studying inclusive ψ(3686) decays [11]. The
uncertainty in the trigger efficiency is found to be negli-
gible due to the large number of charged tracks [27].
The different sources of systematic uncertainties in the
measured branching fractions are summarized in Table II.
Assuming all of the uncertainties are independent, the
∗ The ARGUS function is defined as FARGUS(m;m0, c, p) = m(1−
( m
m0
)2)p ·exp(c(1−( m
m0
)2)), where m0 is the mass threshold and
c and p are parameters fixing the shape
total systematic uncertainties are obtained by adding the
individual uncertainties in quadrature.
In the measurement of the Ξ∗− resonance parameters,
the sources of systematic uncertainty related to the fit
method and the Λ and Ξ¯+ mass window requirements are
considered. The same methods as those used above are
implemented, and the differences of the mass and width
of Ξ∗− are regarded as the systematic uncertainties and
are summarized in Table III. The total systematic uncer-
tainties on Ξ∗− resonance parameters obtained by adding
the individual uncertainties in quadrature are shown in
Table III.
VI. CONCLUSION
Using a sample of 1.06× 108 ψ(3686) events collected
with the BESIII detector, the processes of ψ(3686) →
K−ΛΞ¯+ and ψ(3686) → γK−ΛΞ¯+ are studied for the
first time. In the decay ψ(3686)→ K−ΛΞ¯+, the branch-
ing fraction B(ψ(3686) → K−ΛΞ¯+) is measured, and
two structures, around 1690 and 1820 MeV/c2, are ob-
served in the K−Λ invariant mass spectrum with signif-
icances of 4.9σ and 6.2σ, respectively. The fitted reso-
nance parameters are consistent with those of Ξ−(1690)
and Ξ−(1820) in the PDG [2] within one standard devi-
ation. The measured masses, widths, and product decay
branching fractions B(ψ(3686) → Ξ∗−Ξ¯+) × B(Ξ∗− →
K−Λ) are summarized in Table I. This is the first
time that Ξ−(1690) and Ξ−(1820) hyperons have been
observed in charmonium decays. In the study of the
decay ψ(3686) → γK−ΛΞ¯+, the branching fractions
B(ψ(3686) → K−Σ0Ξ¯+) and B(χcJ → K−ΛΞ¯+) are
measured. All of the measured branching fractions are
summarized in Table IV. The measurements provide new
information on charmonium decays to hyperons and on
the resonance parameters of the hyperons, and may help
in the understanding of the charmonium decay mecha-
nism.
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